Stretching vibrational band intensities of XH 4 molecules were investigated employing four-dimensional ab initio (XvC and Sn͒ and effective (XvC and Si͒ dipole moment surfaces ͑DMS͒ in combination with the local mode potential energy surfaces. The ab initio DMS of CH 4 and SnH 4 calculated at the coupled cluster CCSD͑T͒ level of theory reproduced most of the observed intensities within a factor of 1.5. The effective DMS of CH 4 and SiH 4 were obtained by adjusting some selected high-order terms in the ab initio DMS to fit the observed intensities. They were applied to the corresponding deuterated isotopomers yielding better results than the ab initio DMS. The intensities of the combination bands are mainly due to the interbond cross terms in the DMS for SiH 4 , GeH 4 , and SnH 4 , while for CH 4 , both diagonal and cross terms are important. The relatively strong combination band that has comparable intensity with the pure overtone was predicted at the fourth local mode manifold for SnH 4 .
I. INTRODUCTION
The quantum chemistry calculations have shed light on the area of molecular overtone intensity. Many interesting observations have been successfully rationalized using dipole moment surface ͑DMS͒ from ab initio or density functional calculations. Some examples are ͑1͒ the more intense of the first overtone than the fundamental in CHCl 3 originates from the nonlinearity of the DMS near molecular equilibrium;
1,2 ͑2͒ the cancellation of transition moments from linear and quadratic terms in the DMS leads to a rapid intensity decrease of Si-H stretching overtones in SiHD 3 , 3 SiHF 3 , 4 and SiHCl 3 ; 5 and ͑3͒ large cross terms in the DMS in combination with the cancellation effect result in unusually strong combination bands in the third and fourth stretching manifolds for PH 3 6 and GeH 4 , 7 respectively. However, it has also been found that the DMS from quantum chemistry calculations often gives poor predictions for intensities of high overtones.
3-10 About 3-10 times overor underestimation of the observed intensities is common. This is mainly due to inaccurate high-order terms in the DMS, which would make a significant contribution to the transitions in highly excited energy region. 2, 4, 9, 11 On the other hand, the calculated intensities are found to be less sensitive to the potential energy surface ͑PES͒. 1, 8, [11] [12] [13] Therefore, it is attractive to adjust some selected high-order terms in theoretical DMS to fit the observed intensities. This method has been adopted to get the effective stretching DMS of SiHF 3 4 and GeH 4 7 with improved results. In the present study, we extend our previous intensity studies by applying both ab initio and effective fourdimensional ͑4-D͒ stretching DMS to three group IV hydrides (CH 4 , SiH 4 , and SnH 4 ), which will provide us another angle of view of the local mode feature about the vibrations in the XH 4 species, in addition to energy levels. It is a fact that SiH 4 , GeH 4 , and SnH 4 are good local mode molecules whose stretching vibrational energy levels are well described by the local mode theory, for instance, the anharmonically coupled anharmonic oscillator ͑ACAO͒ model. 14 -16 It is not the case for CH 4 because of the strong Fermi resonance between the bending and stretching vibrations. However, it is still instructive to apply the crude local mode picture to CH 4 so as to compare it with the other XH 4 species. Moreover, a very simple local mode model involving only C-H stretching motions has been successfully applied to predict the overtone intensities for CH 4 employing a DMS calculated from QCISD ͑quadratic configuration interaction including single and double excitations͒ method. 27 This implies a good zeroth-order approximation that the C-H stretching modes carry the intrinsic intensity in this molecule. This is also consistent with the findings in the study of the C-H chromophore intensities of CHD 3 . 24 The experimental intensities of CH 4 17-19 and SiH 4 20,21 can be found in the literature up to the eighth stretching overtone region. For SnH 4 , the experimental intensities in the fundamental and low overtone regions have been reported. 22, 23 On the theoretical aspect, several investigations on the DMS of CH 4 DMS from an analysis of the ab initio calculated electronic structure and a direct adjustment to the experimental data for the overtone intensities of the CH chromophore in CHD 3 . 24, 25 It is somehow questionable to neglect the stretching-stretching coupling terms in the 9-D DMS model. Mourbat, Aboumajd, and Loëte determined the linear and quadratic dipole moment derivatives of CH 4 in terms of the symmetric internal coordinates by use of the experimental spectroscopic parameters. 26 This low-order DMS is not expected to give a good description for high overtone intensities of CH 4 . We will compute ab initio 4-D stretching DMS of CH 4 and SnH 4 in this work. The effective DMS for CH 4 and SiH 4 will be determined based on the ab initio ones ͑this work for CH 4 and Ref. 10 for SiH 4 ).
II. HAMILTONIAN AND DIPOLE MOMENT MODELS
The ACAO II model 28 will be adopted in this work for all the XH 4 molecules. The Hamiltonian takes the form
͑1͒
Here y i ϭ1Ϫexp(Ϫar i ), r i is the i-th X-H stretching dis- 32 (Vр3) , where V is the total stretching vibrational quantum number and Vϭn 1 ϩn 2 ϩn 3 ϩn 4 ͓in the local mode notation (n 1 n 2 n 3 n 4 ), n i is the quantum number of the ith X-H bond stretching͔. 28 The observed values below and above 10000 cm Ϫ1 were assigned the weights of 1.0 and 0.5, respectively. In the least-squares fitting ͑and other calculations throughout this work͒, the vibrational eigen-values and eigen-functions were calculated variationally, 16 by setting the maximum value of V to 12. The determined parameters is D e ϭ40212(246) cm Ϫ1 , aϭ1.82517(679) Å Ϫ1 , and F rr Ј ϭ2242(279) cm Ϫ1 Å Ϫ2 , where the value in the parentheses is one standard error in the last significant digit. The rootmean-squares of the fitting residual is 11.6 cm Ϫ1 . This large value is due to the Fermi resonance which is not included in the adopted ACAO model, as expected.
The absolute intensity can be calculated as
Here 
͑8͒

III. DETERMINATION OF DIPOLE MOMENT COEFFICIENTS
First, ab initio calculations were adopted to determine the dipole moment coefficients of CH 4 and SnH 4 . The CCSD͑T͒ ͑coupled cluster theory with all single and double substitutions from the Hartree-Fock reference determinant 33 augmented by a perturbative treatment of connected triple excitations͒ 34, 35 method was used. For CH 4 , the cc-pVQZ ͑correlation-consistent polarized valence quadruple zeta͒ basis set 36, 37 was used. For SnH 4 , the Hay and Wadt ͑HW͒ 38 effective core potential was adopted for the heavy Sn atom and accordingly a smaller cc-pVTZ ͑correlation-consistent polarized valence triple zeta͒ basis set for H atom was chosen. The valence shell basis set used with the HW pseudopotential was taken from Table 3 of Ref. 39 , where it was deduced from a universal Gaussian basis set. 40, 41 The calculations employed the GAUSSIAN 98 package 42 which ran on a PC-cluster in our laboratory. The dipole moment expansion coefficients were determined in this work via central differences of the dipole moments ͑centered about the optimized geometry͒. The optimized equilibrium C-H and Sn-H bond lengths are 1.0879 and 1.7030 Å, respectively, which are close to the experimental data ͑1.0858 and 1.701 Å͒. 43, 44 The single point dipole moment was calculated as
where E(p z ) and E(Ϫp z ) are, respectively, the CCSD͑T͒ energies of the molecule in the electric field with positive and negative strength of p z along the molecular fixed z axis ͑see Ref. 10 for definition͒, and p z was chosen to be 0.005 atomic units. The formula of the central differences were deduced according to the dipole moment expansion in Eqs. ͑3͒-͑8͒. The steps in the central differences were set to 0.1 Å. To determine the terms up to third order, 14 single point dipole moments were calculated for each molecule. The data are available from the authors upon request. The obtained ab initio DMS coefficients of CH 4 and SnH 4 in this work and those of SiH 4 taken from Ref. 10 are, respectively, listed as columns 2, 9, and 7 in Table I . They will be used to calculate the band intensities according to Eq. ͑2͒ in the next section. 
The units are defined such that the dipole moment is in Debye (ϭ3.33564ϫ10 Ϫ30 C m), and the bond length displacement in Å.
b
The coefficient with no parentheses is constrained to the ab initio value, the value in the parentheses is one standard error in last significant digit in the least-squares fitting. c The ''Set I'' 9-D dipole moment function in Ref. 24 Second, the effective DMS coefficients of CH 4 and SiH 4 were determined in a least-squares procedure, in which
is minimized. Here ⌬ is the logarithmic deviation, 12 n data is the number of experimental data, I i (cal) and I i (obs) are calculated and observed band intensities, respectively. For each (n100) manifold with nϾ1, there are two close-lying bands. The summed intensity for the whole manifold is used in this case as justified in Ref. 7 .
In the least-squares procedure, some selected high-order DMS coefficients were optimized and all others were constrained to the ab initio values ͑PES parameters kept to the values in this work for CH 4 and Ref. 10 for SiH 4 ). The effective DMS coefficients are collected in columns 3 and 8 of Table I for CH 4 and SiH 4 , respectively. The justification to optimize the specific terms in the ab initio DMS will be discussed in the next section.
IV. RESULTS
A. CH 4
In this work, the experimental intensity of the ͑2000͒ band for CH 4 was obtained by a summation of the individual line intensities measured by Margolis 18 in the range of 5500-6180 cm Ϫ1 . The intensity of the ͑1100͒ band in the same region has been determined 18 and was removed simply by subtraction. Except the ͑1100͒ band centered around 6005 cm Ϫ1 , 45 the structure of other bands in this region is complicated. Some of them have been assigned. 32, 46 As mentioned in Sec. II, the stretching modes are assumed to carry the intrinsic intensity in CH 4 . Thus, we attributed the summed intensity for these bands to the ͑2000͒ local mode overtone whose predicted band center is 5856 cm Ϫ1 .
14
The observed and calculated intensities from the ab initio DMS are listed as columns 2 and 3 in Table II for CH 4 . It can be seen that the CCSD͑T͒ DMS obtained in this work reproduced most of the observed intensities within a factor of 1.5. The large logarithmic deviation ͑1.052͒ is due to the ͑2000͒ band whose intensity is about 25 times underestimated by the calculation. This is caused by the DMS cancellation effect. 11 In Table III Table IV . The available experimental intensities are given for CHD 3 . 24, 47 It is noticeable that all the C-H chromophore intensities for each Fermi resonance polyad in CHD 3 are reproduced quite well. This corroborates our approximation that the stretching modes of CH 4 carry the intrinsic intensity ͑Sec. II͒. On the other hand, the ab initio DMS gives a poor prediction again for the first C-H stretching overtone ͑see column 4͒, indicating that the effective DMS is superior to the ab initio one in this work.
B. SiH 4
The same considerations in the previous subsection were applied to SiH 4 in selecting the DMS coefficients for optimization. The logarithmic deviation decreases now from 1.28 to 0.43. In the optimization, an additional fourth-order diagonal term (C 4000 F 2z ) was included, which reduced the logarithmic deviation significantly (⌬ϭ0.64 if C 4000 F 2z is constrained to zero͒. The intensities calculated from the effective DMS are presented in Table II ͒ was well determined in the least-squares procedure.
The effective DMS of SiH 4 was also used to compute the Si-H stretching intensities for the deuterated isotopomers. We found that the ratios of the calculated intensities satisfy almost exactly the following relations, I n000 :I n00 :I n0 :I n ϭ4:3:2:1 and I n100 :I n10 :I n1 ϭ6:3:1, where the subscripts n 1 n 2 n 3 n 4 , n 1 n 2 n 3 , n 1 n 2 , and n 1 denote the excited Si-H stretching quantum numbers in SiH 4 , SiH 3 D, SiH 2 D 2 , and SiHD 3 , respectively. The results reflect a local mode feature of the Si-H stretching, which are consistent with an earlier finding in Ref. 10 .
Because the band intensities of SiH 3 D, SiH 2 D 2 , and SiHD 3 calculated from the effective DMS can be easily deduced from those of SiH 4 with the above relations, they are not listed in this work. We found that for effective DMS, the calculated intensities of these SiH 4 isotopomers agree with the experimental values in Refs. 3, 10 within a factor of ca. 2 for all bands with the total stretching vibrational quantum number Vр4. One can find from Ref. 10 that for ab initio DMS, the agreement in Vϭ3 and 4 is much less satisfactory.
It is noticeable that the intensity of 7 1 in SiH 4 21 was observed to be only one-third of that in SiHD 3 , 48 in contrast to the prediction of being 4 times as large. This discrepancy may be introduced by experimental uncertainties in intensity measurement for high overtones. So we tried to exclude the (n000) (nϭ7,8,9) experimental data in the effective DMS optimization for SiH 4 , but the result was little changed. The calculated intensities employing effective DMS are closer to observations for SiH 4 than for SiHD 3 in high overtones. The discrepancy may also be due to some ͑unknown͒ contributions excluded in the models in this work.
C. SnH 4
In this work, the experimental absolute intensities of (n000) (nϭ1,2,3) bands for SnH 4 were determined from the relative intensities of Ref. 23 using the absolute intensity of the fundamental in Ref. 22 as a reference. The values ͑in 10 Ϫ22 cm) are 7.37ϫ10 5 , 1.83ϫ10 4 , and 9.50ϫ10 1 for n ϭ1, 2, and 3, respectively. It can be seen from column 10 in Table II that the three observed intensities are well predicted (⌬ϭ0.36) by the ab initio DMS. Therefore, it is not necessary to determine the effective DMS for SnH 4 at the moment.
V. DISCUSSION
An earlier work 7 has demonstrated that some strong local mode combination band intensities of GeH 4 mainly arise from the bond-bond cross terms in the DMS. The DMS in the present study enables us to examine the contributions from diagonal and cross terms in a systematic manner for XH 4 (XvC, Si, Ge, Sn͒ molecules. For CH 4 , we can also check whether the neglect of the stretching coupling terms in the 9-D DMS 24,25 is reasonable or not. The ratio of the transition moment from the cross terms to that from the diagonal terms in the DMS is plotted in Fig. 1͑a͒ for (n100) and 1͑b͒ for (n000) bands. The effective DMS of CH 4 , SiH 4 , and GeH 4 (4D-DMS 3 in Ref. 7͒ and the ab initio DMS of SnH 4 were used, respectively. The following three points can be concluded from the figure: ͑1͒ For all the four group IV hydrides, the cross terms in the DMS are not important for the (n000) overtone transition moments. The transition moments from cross terms are 5-10 times smaller than those from diagonal terms in the cases where the DMS cancellation effect is significant 7,10 (nϭ2, 3, 4 for XvC, Si, Ge, respectively͒, and more than about 20 times smaller in other cases. It is consistent with the well known simple bond dipole model, 28, 49 which neglects the bond-bond stretching coupling terms in the DMS. ͑2͒ For local mode molecules (SiH 4 , GeH 4 , and SnH 4 ), the cross terms in the DMS are much more important than the diagonal ones for the (n100) combination transition moments. The transition moments from the former are 6 -20, 20-200 24 It can be seen that all the (n000) overtone intensities are well reproduced (⌬ϭ0.26), but the agreement between calculated and observed intensities is less satisfactory for (n100) combinations, especially for the ͑1100͒ band. The overall logarithmic deviation is 0.50. If we add one cross term, C 1100 F 2z in the DMS and use the observed intensities to optimize its value ͑column 4 of Table I͒ , column 6 of Table II shows that the calculated (n000) overtone intensities are little changed but all the observed (n100) combination intensities are now significantly better reproduced (⌬ϭ0.32). So we conclude that the analytical 9-D dipole moment functions of CH 4 in Refs. 24, 25 should be improved by introducing some stretching-stretching coupling terms when describing the stretching combination band intensities.
As an example to discuss the problem of ''intensity borrowing'' ͑via wave function mixing͒ in XH 4 molecules, Table V lists a decomposition of transition dipole moments into contributions from different transitions between zeroth order states indicated here by ͓n 1 n 2 n 3 n 4 ͔ 0 , which is a symmetry-adapted 16 product state ⌸ iϭ1 4 n i , where n i is the eigenstate of a Morse oscillator used in the sum of Eq. ͑1͒. Only the two lower overtone bands are discussed. It can be seen that for the ͑1100͒ combinational band of CH 4 , the transition moment from ͓0000͔ 0 →͓2000͔ 0 ͑via DMS diagonal terms͒ is as large as that from ͓0000͔ 0 →͓1100͔ 0 ͑via DMS cross terms͒. In ͑1100͒ there is thus significant intensity borrowing from a diagonal contribution in the DMS (͓0000͔ 0 →͓2000͔ 0 ). In comparison, we find that for the ͑1100͒ band of SiH 4 , the prominent transition moment is only from ͓0000͔ 0 →͓1100͔ 0 ͑via DMS cross terms͒. The reason is that the wave function mixing in CH 4 ͑nonlocal mode molecule͒ is much stronger than that in SiH 4 ͑local mode molecule͒. It can also be found that for the ͑2000͒ local mode overtone of both CH 4 and SiH 4 , there is no significant intensity borrowing, the prominent transition moment is from ͓0000͔ 0 →͓2000͔ 0 ͑via DMS diagonal terms͒. Finally, we comment briefly on the relative intensities between the (nϪ1100) combinations and (n000) overtones. Figure 2 plots the (n000) and (nϪ1100) intensities for the four molecules. The intensity of all the (nϪ1100) sequences decreases smoothly as n increases. The (n000) sequences show sharp decreases until reaching nϭ2, 3, 4, and 4 for XvC, Si, Ge, and Sn, respectively, owing to the DMS cancellation effect. 4, 7, 10 This results in a relatively strong absorption of ͑1100͒, ͑2100͒, ͑3100͒, and ͑3100͒ for CH 4 , SiH 4 , GeH 4 , and SnH 4 , respectively. This has been observed for the first three molecules. For SnH 4 , further experimental investigations are necessary to check this point.
